Purpose: We developed a microarray for clinical diagnosis of chromosomal disorders using large insert genomic DNA clones as targets for comparative genomic hybridization (CGH). Methods: The array contains 362 FISH-verified clones that span genomic regions implicated in over 40 known human genomic disorders and representative subtelomeric clones for each of the 41 clinically relevant human chromosome telomeres. Three or four clones from almost all deletion or duplication genomic regions and three or more clones for each subtelomeric region were included. We tested chromosome microarray analysis (CMA) in a masked fashion by examining genomic DNA from 25 patients who were previously ascertained in a genetic clinic and studied by conventional cytogenetics. A novel software package implemented in the R statistical programming language was developed for normalization, visualization, and inference. Results: The CMA results were entirely consistent with previous cytogenetic and FISH findings. For clone by clone analysis, the sensitivity was estimated to be 96.7% and the specificity was 99.1%.
Chromosomal imbalances are often associated with multiple congenital anomalies, dysmorphic features, growth retardation, and/or learning disabilities. Many genomic changes causing abnormal phenotypes can be detected by standard cytogenetic methods. Examples of imbalances detected by karyotype include common trisomies and some apparent terminal deletions, such as those associated with Cri-du-chat and WolfHirschhorn syndromes. However, a standard karyotype will not reliably detect deletions or duplications smaller than 4 Mb.
Advances in molecular cytogenetics such as the development of locus-specific fluorescence in situ hybridization (FISH) have significantly improved the sensitivity of cytogenetic analysis enabling higher resolution genome analysis. 1, 2 For example, recurrent microdeletion or duplication events associated with disorders such as Williams-Beuren syndrome 3 or Charcot-Marie-Tooth disease type 1A (CMT1A) 4 are readily detected by metaphase or interphase FISH, respectively. The more recent development of FISH probes for subtelomeric regions and simultaneous interrogations of all 41 clinically relevant telomeres has led to the identification of cryptic unbalanced rearrangements in 3% to 10% of patients with learning disabilities and mental retardation of otherwise unknown cause. 5, 6 However, telomere FISH is time consuming and labor intensive and provides no information about the extent of the aberration, because only one probe is used for each subtelomeric region.
Comparative genomic hybridization (CGH) was originally applied to metaphase chromosomes for analysis of chromosomal imbalances. 7 The metaphase chromosomes were later replaced with BAC or PAC (Bacterial or P1 artificial chromosome) clones for hybridization targets immobilized on glass slides as arrays. This enables detection of copy number changes throughout the genome with high resolution and provides a basis for higher throughput analysis of genomic imbalances. 8, 9 Array CGH has been applied for high resolution analysis of constitutional abnormalities in specific chromosomal regions, 10 -12 including subtelomeric regions of all chromosomes, 13 specific targeted chromosome regions such as 15q11.2, 14 and entire chromosomes, such as chromosomes 22 and X. 15, 16 DNA arrays consisting of 2,000 to 4,000 BAC clones representing the sequenced genome at approximately 1-Mb intervals have also been developed. 17, 18 A study using a tiling path DNA microarray with complete coverage of the human genome with 32,433 overlapping BAC clones with the potential to identify disease genes has been reported. 19 Recently, the use of a genome-wide array has led to the identification of a major gene for the CHARGE syndrome. 20 However, although extensive coverage of the genome on an array enables higher resolution analysis, this increased resolution is tempered by cost associated with array production, by difficulties in clinical interpretation of newly discovered rare variants, and by current limitations of the knowledge and clinical relevance of large segmental copy number variants. The FDA has issued draft guidance regarding multiplex genetic tests (Federal Register April 21, 2003, Docket No. 03D-0120; http://www.fda.gov/ cdrh/oivd/guidance/1210.html), but it is unclear at present whether tests as complex as described here will be acceptable for FDA approval.
Although most array CGH methods attach unmodified DNA to chemically treated glass, we chemically modify DNA and attach it efficiently to an unmodified glass surface to produce arrays. 21 Thus, the array of spot has uniform size and shape, critical for precise quantitation. The reliability of this method for detecting small deletions, duplications, or triplications has been well-documented for the chromosome 1p36 region 22 and for the proximal 17p region 23 ; in the latter case, four genomic disorders can be distinguished despite a complex organization related to low copy repeats. The focus of the current study was to validate CMA as a routine method for simultaneously screening for DNA copy number changes in clinically relevant regions of the genome, including chromosomal regions associated with more than 40 well-established genomic disorders and 41 subtelomeric regions. 24 The intent was also to minimize the detection of copy number changes of unknown clinical significance, and focus on well-defined disorders that can be confirmed by conventional FISH tests currently available in the clinical cytogenetics laboratory. To validate this approach, we performed CMA on 25 patients whose diagnoses were previously established in our cytogenetics laboratory.
MATERIALS AND METHODS

Patient specimens
Samples from 25 patients with various chromosome abnormalities previously identified by our cytogenetics laboratory were selected for validation studies. All laboratory studies were performed in a masked fashion. Patient samples included 22 from peripheral blood, 2 amniotic fluid cultures, and 1 skin fibroblast culture. The reference DNA samples were derived from peripheral blood of a individual, phenotypically normal male, and female controls with no detectable chromosomal aberrations by conventional karyotype analysis.
Microarray design
The CMA array was composed of 3 to 10 BAC/PAC clones per disease locus or subtelomeric region (Table 1) , with the exception of three loci; only two clones were included for the subtelomeric region of chromosome 19q, and there was only one clone for the adrenal hypoplasia congenita (AHC) locus and one clone for the Xq/Yq telomeric region. A total of 381 clones (287 BAC clones, 83 PAC clones, and 11 cosmids) were selected from NCBI/UCSC public databases or from the FISH probe panel routinely used in the cytogenetic laboratory. The 30 clones covering subtelomeric regions used in the clinical cytogenetics laboratory were obtained from Dr. Jonathan Flint. 25 Other human genomic clones were from the Roswell Park Cancer Institute (RPCI) BAC and PAC libraries. All clones were FISH-verified before use on the microarray. Any clone that hybridized to multiple chromosomal locations, likely reflecting paralogous sequences, was excluded from the array. In early studies, we identified 19 clones that were polymorphic in the control population or consistently performed poorly on the array, and these were excluded from the final analysis. After removing these clones, our array included 362 distinct clones including 175 clones covering the 41 clinically relevant subtelomeric regions and 187 clones from genomic positions corresponding to more than 40 different genomic disorders (specific information is in the supplementary data available online at http://www.geneticsinmedicine.org).
BAC clone DNA was prepared using standard alkaline lysis methods and chemically modified for array printing as described. 22 Briefly, the DNA was chemically cross-linked using (3-glycidoxypropyl) trimethoxysilane (Sigma, St. Louis, MO) and printed onto alkaline/acid cleaned Bis(trichlorosilyl)octane (Gelest Inc., Morrisville, PA)-treated glass slides (VWR Scientific micro slides cat. no. 48300-047; www.vwr-.com) using a Cartesian Technology Axsys printer Model PS5500 (Genomic Solutions, Ann Arbor, MI). All clones were printed in duplicate from a single 384-well plate in spatially distinct subarrays.
DNA labeling and hybridization
DNA labeling and hybridization were performed as described. 22 Genomic DNA was isolated from peripheral blood lymphocytes or cultured amniocytes or fibroblasts using a PureGene DNA-purification kit (Gentra, Systems, Minneapolis, MN), digested with the restriction endonuclease DpnII (New England Biolabs, Beverly, MA), and purified by phenol/ chloroform extraction.
Genomic DNAs from patient samples and controls were differentially labeled with cyanin-3 (Cy3) and Cy5 (Perkin Elmer, Boston, MA) using a Bioprime DNA direct labeling kit (Invitrogen, Carlsbad, CA) and hybridized onto the arrays at 37°C for 24 hours. The slides were washed and fluorescent signals on the slides were scanned into image files using an Axon microarray scanner and ScanArray software (GenePix 4000B from Axon Instruments, Union City, CA). For each patient sample, two experiments were performed with reversal of the dye labels for the control and test samples, and the data from both dyereversed hybridizations were integrated to determine inferences for each case. Gender-reversed controls that served as initial positive controls in our study were used in six cases; gender-matched controls were used in the remaining 19 cases. Because the number of clones on the sex chromosomes is large (73/362), we excluded the sex chromosomes clones for these 6 cases from our power and sensitivity calculations. Thus, the full data set considered for our power and specificity analyses consisted of 8612 (362 ϫ 19) ϩ (289 ϫ 6) data points with 4 replicates (i.e., two from each hybridization).
Data processing
Microarray image files were quantified using GenePix Pro 5 software. The quantitation data were subjected to normalization as described previously, 23 and the dye-reversed data were combined to determine a single fold-change value for each clone. Inferences were made for all clones using these final combined data values. All analyses were performed on log 2 ratios using code for the normalization and inference that was implemented in the R statistical programming language.
Justification for data normalization in spotted arrays is well documented. Our normalization procedure removes systematic biases such as spatial and intensity artifacts within arrays as well as shifts and scale changes between arrays. Briefly, the steps are (1) spot rejection based on robust estimation (L2e) of a Gaussian distribution for spot backgrounds and spot intensitites followed by identification of those spots more than 3 standard deviations from the mean, 26 (2) quantile normalization to balance single channel intensities of the accepted spots for each array, 27 (3) spatial normalization of log-ratio values within individual arrays using a loess (a nonparametric smoothing function) regression procedure with a smoothing parameter of 0.35, (4) averaging of normalized within array replicate spots, (5) bi-chip scaling between the pair of arrays to remove scale changes between the dye-reversed pair 28 followed by a shift adjustment to ensure that each array has a mean 0 log-ratio value, and finally, (6) sign-change of one array and averaging of the data for each clone between the dye-reversed pair of arrays. 23 The normalization results in a single combined data value and variance estimate for each clone and for each patient. These combined data are used to make inferences regarding the gain/loss/no change status of regions detected by each clone for each patient. In this article, we present an exceedingly simple inference method. We select uniform cutoff of 0.2 for the Test/Reference ratios, and we call clones "gain" when the dye-reversed combined data exceeds the 0.2 magnitude. We use a symmetric cutoff of Ϫ0.2 on the combined data to call clones "loss."
FISH analysis
Metaphase spreads were prepared from patient derived lymphocytes using standard procedures. Miniprep DNA (500 ng) was labeled with biotin-14-dUTP or digoxigenin-11-dUTP by standard nick translation, and 100 ng of labeled DNA was used for FISH analysis using standard protocols. 29 
Validation procedure
The stepwise evaluation process for a clone showing a gain or loss is first to review an interactive database displaying profile consisting of "raw," "normalized," and "combined" data. Initially, FISH confirmation was performed in situation wherever the T/R ratios exceed or below the 0.2 cutoff. When in situations where FISH analysis failed to confirm the gain or loss, we classified these clones as false positive clones.
RESULTS
Validation of chromosomal abnormalities and microdeletions
Chromosome microarray analysis was used in a masked fashion to examine 25 samples that were selected from the Baylor cytogenetics laboratory representing various chromosomal abnormalities and microdeletions. CMA results were compared to G-banding analysis in 10 cases (Table 2) and to FISH analysis of microdeletion syndromes in 15 cases (Table  3) . In each case, CMA correctly detected the previously identified abnormalities, and in three cases, the microarray identified additional cryptic microdeletions and/or microduplications that were subsequently verified by FISH analysis.
An example of CMA on a representative patient (case K4) is shown in Figure 1 . Case K4 was a phenotypic male with a karyotype of 46,X,der(X)t(X;Y)(p22.33;p11.2) [partial karyotype shown in Figure 1B ] that was verified by FISH analysis using the SRY probe as shown in Figure 1D . The actual array and subarray using control female DNA are shown in Figure  1A . Figure 1C shows the microarray profile of the raw data (left), i.e., the test/reference ratios (T/R ratio) of two experiments with dye swap; normalized data (middle); and the combined data (right) with sign change of one array. In this experiment, a copy number gain was detected by four clones at the Yp11.3 region as expected, with a T/R ratio ranging from 0.46 to 0.569 compared to the selected gain threshold of 0.20. The array profile displayed the four clones spanning approximately 2.5 Mb of genomic sequence on Yp11.3 as a region of copy number gain, thus defining this genomic interval more precisely than the standard cytogenetic and FISH methods.
Another example of microarray results is depicted in Figure  2 , which represents a DNA sample derived from cultured amniocytes (identified as K10 in Table 2 ). The microarray result for this case indicate a genomic loss detected by 10 target clones in the array corresponding to the 4p16.3 region, reflecting a terminal deletion of chromosome 4p. The array profile displayed all 10 clones with T/R values ranging from Ϫ0.378 to -0.658, well below the Ϫ0.2 cut off chosen for copy number loss. Thus, the microarray finding is completely consistent with the 4p deletion observed in the conventional cytogenetic studies, as shown in Figure 2 .
For case F8 in Table 3 , a deletion at the adrenal hypoplasia (AHC) locus was detected by conventional FISH analysis, and the array confirmed this finding. Furthermore, the array displayed a loss of three additional clones encompassing the glycerol kinase region (data not shown). All four clones gave T/R ratios ranging from Ϫ0.52 to Ϫ0.86, again well below the Ϫ0.2 cut off for copy number loss, suggesting the presence of a contiguous gene deletion syndrome including the AHC and glycerol kinase loci. 
Additional abnormalities identified by CGH microarray
The karyotype of case K2 (Fig. 3) indicated a subtle terminal deletion on the distal long arm of chromosome 13 [46,XY,del(13)(q33.2)], which was subsequently confirmed by FISH analysis with a telomeric probe for chromosome 13 (Figs. 3B and 3C). Microarray analysis (Fig. 3A) revealed deletion of three of the four clones representing the telomere of chromosome 13q and encompassing approximately 3 Mb of the genomic sequence confirming the presence of a deletion of 13q33.2. In addition, a single clone located in the subtelomeric region of 22q (GS99K24), with an estimated maximum physical distance of 100 to 300 kb from the telomere, also revealed a copy number loss. This finding was subsequently confirmed by FISH analysis with the same clone present on the microarray, as shown in Figure 3D . Therefore, microarray analysis in this patient not only confirmed the cytogenetic abnormality with more precision but also identified a cryptic deletion that was not identified by routine high-resolution chromosome analysis. It is unclear if the 22q loss is a benign variant or if it contributes to the phenotypic abnormalities in this patient, particularly because CMA could not be performed on the parents. There is precedent for submicroscopic deletions of this chromosome 22 region causing mental retardation and speech delay. 30 In another case (K3 in Fig. 4) , cytogenetic analysis showed an inversion and duplication of the distal short arm of one chromosome 8 [46,XX,inv dup(8)(p11.23p23.1)]. The inv dup(8) was deleted for a subtelomeric FISH probe for 8p as is commonly observed for this abnormality. 31, 32 The CMA profile revealed a loss of four clones on the subtelomeric region of 8p with T/R values ranging from Ϫ0.435 to Ϫ0.71 and a gain of one clone (RP11-520F7) at 8p22, confirming the previously reported cytogenetic anomaly. In addition, a gain was found for two clones from the chromosome 18q telomere (Fig. 4B) . This gain was subsequently verified by FISH analysis and was shown to be localized to the short arm of the inv dup(8) (Fig.   Fig. 1 . Microarray analysis, partial karyotype, and FISH comparison for case K4 [46,X,der(X)t(X;Y)(p22.33;p11.2)]. Two hybridizations were performed simultaneously with dye reversal using female reference DNA (A). Entire set of 381 clones (only 362 were analyzed) was arrayed in quadruplicate blocks, resulting in four determinations for each clone, two on the forward and two on the reverse hybridizations. Representative section is enlarged. Panel B is a partial karyotype from two metaphase spreads depicting the additional chromatin material on one of the X chromosomes (arrows). Panel C presents the data analysis for the array. In the column marked "raw" for raw data, the mean values of the T/R ratios and error bars are shown for one hybridization in blue and for the dye reversal in red. Effect of normalization is shown by comparing the middle set of data marked "normalized" with the "raw" data. There are several clones from the Y chromosome that show displacement to the left in blue and to the right in the dye reversal, both indicating a gain of Y material in the patient versus the female reference DNA. In the "combined" column, the sign of one of the two reversed hybridizations is changed and the data are averaged with gains to the right and losses to the left. For the combined data, there is a strong indication of a gain of four clones (identification printed in blue) corresponding to the Yp11.3 region as shown in the circle. In D, FISH analysis with an SRY probe confirmed the presence of Y DNA on the short arm of one X chromosome. 4C). Therefore, CMA not only confirmed the duplication of the distal short arm of one chromosome 8 and the loss of the 8p telomeric region but also identified a cryptic duplication of the 18q telomeric region. However, it is also possible, though unlikely, that the gain of two clones from the 18q telomeric region may represent copy number polymorphism. Because this is conducted in a masked fashion, parental studies are unavailable for the array analysis.
For case F7 (Table 3) , subtelomeric FISH analysis identified a deletion on the distal long arm of one chromosome 22 at band q13.3. The microarray profile demonstrated deletion of all four target clones with T/R ratios ranging from Ϫ0.535 to Ϫ0.651, confirming and better defining a loss in the 22q13.3 deletion as indicated by the subtelomeric FISH assay. In addition, a single clone located in the distal end of chromosome 14q (GS820M16), with an estimated maximum physical distance of 100 to 300 kb from the telomere, revealed a copy number gain with a ratio of 0.252. This gain was subsequently confirmed by interphase FISH with the same clone present on the microarray. The analysis revealed a sizable deletion encompassing a 130 kb region at 22q and a cryptic duplication of one clone at the telomeric region of chromosome 14 that would otherwise be missed by the conventional cytogenetic and /or metaphase FISH methods. Although the parents were not available for study, this duplication is likely a benign variant because segmental duplication of this region is known to occur. 33 
Sensitivity and specificity of individual clones
The overall single-clone true positive detection rate was 176/ 182, or 96.7%. In every case (100%) where multiple clones were present for a locus, the microarray detected a change in the majority of the clones at the abnormal locus. All six putative false-negative clones where the T/R ratios did not exceed the threshold were from the group with known chromosome abnormalities as shown in Table 2 . Four of the 54 clones on the X chromosome failed to detect the copy number changes in case K7 (Klinefelter syndrome). The T/R ratios for the remaining two cases (one clone per case) were slightly below the 0.2 cutoff, but were detectable deletions by visual inspection. Interestingly, as indicated in Table 3 , there was 100% agreement for 67 clones in 15 cases between the target clones in each of the disease regions and the number of clones detected in cases with known microdeletions. Furthermore, the sensitivity to detect submicroscopic duplications as well as deletions spanning Ϸ1.5 Mb of the genome region was reproducibly validated, as demonstrated in the cases involving hereditary neuropathy with liability to pressure palsies/Charcot-Marie-Tooth disease type 1A (HNPP/CMT1A) region. The same number of target clones in a given region was consistently detected in two cases involving the steroid sulfatase (STS) region, in two cases with changes in the Pelizaeus-Merzbacher disease (PMD) region, in two cases of Langer-Giedion syndrome (LGS), and in two cases of DiGeorge syndrome (DGS). The deletion in the DiGeorge syndrome critical region involved the common 3-Mb region in both cases.
Because of the large multiple testing arrangement in microarray settings, array CGH can potentially generate falsepositive results. The empirical cutoff of 0.2 was established to minimize no false negatives, but was designed to be very liberal about the possibility of false positive, which could then be examined by other approaches to decide whether or not they were significant. There were 82 instances of "false-positive" signals defined as a T/R ratio exceeding the threshold of Ϯ 0.2 in a region that was karyotypically normal. This is out of 8612 tests [(362 ϫ 19) ϩ (289 ϫ 6)] in 25 cases. For 7/82 false positives, there was major discordance between the two reversed hybridizations, and these likely represented technical artifacts. For one case, FISH confirmed a copy number change that is likely to represent a benign variant, and thus this represented a true positive. None of the remaining 74 signals were associated with a copy number change detected by FISH; these included 52 clones seen in only one patient, eight clones observed in two patients each, and one clone observed in six patients. In unpublished experience in clinical applications, changes of this type usually are found in one normal parent, and these clones may detect lower frequency, short segment benign variants.
DISCUSSION
The purpose of this study was to develop and validate a CGH microarray that could provide an alternative to telomere FISH and disease-specific FISH in the cytogenetic diagnostic laboratory. The intent was neither to substitute for a routine karyotype nor to achieve dense genomic coverage to discover novel abnormalities currently not detectable in routine FISH studies. This study confirms the utility of array-CGH technology as an alternative to locus-specific FISH and telomere FISH. The CMA array contains multiple genomic clones for each diseasespecific region and for subtelomeric regions of clinical relevance. The microarray is designed to provide redundancy with high sensitivity and specificity for detection of well-characterized disorders, while at the same time minimizing detection of variations of uncertain clinical significance. These CMA results further demonstrate the great potential of arrays for clinical diagnosis. In the study of 25 cases, the overall results from CMA were completely consistent with the known karyotypic and FISH abnormalities. For clone-by-clone analysis, the sensitivity was estimated to be 96.7% and the specificity was 99.1%. The array also detected some previously undetected imbalances. The choice of whether to use DNA from an individual or from a pool of individuals as the control is an important variable in array CGH. Although use of opposite sex control DNA provides evidence of differing copy number as an internal standard and may be useful for protocol development, this prevents optimal analysis for gain or loss on the X and Y chromosome, and we have opted for same sex control DNA in future clinical studies. We prefer individual control DNA over pooled DNA because the interpretation of what appears to be a polymorphisms may be confused by the averaging of copy number in pooled samples. Because of the variability in frequency of apparent polymorphisms at different regions, in controlled experiments, the use of pools tended to introduce more noise in the system leading to the need for additional follow-up studies to resolve the significance of intermediate results. In contrast, differences between single individuals were much more obvious and have allowed us to collect better data on clones/regions affected by this with the goal of improving the assay.
An attractive option might be the use of control DNA from cytogenetically stable, thoroughly characterized, individual cultured fibroblast cell lines available through repositories. We are exploring the possibility of spiking control or test DNA in various ways to introduce internal standards.
Distinguishing benign genomic variants from disease-causing gains or losses can be challenging even when using clones selected for low rates of polymorphism. In some circumstances, this is similar to the experience with telomere FISH, but there is the added possibility that smaller segments of gain or loss may be detected by array CGH, but not by conventional FISH with large insert clones. An initial important variable for interpretation is whether any FISH or CGH variant is present in a phenotypically normal parent or is a de novo finding in a symptomatic child. Microarray profile of the combined data (4B) reveal a loss of four clones (printed in red) in the array corresponding to the 8p23.3 region and a gain of one clone (printed in blue) in the 8p22 region. In addition, an unanticipated finding of a gain for two clones in the subtelomeric region of 18q was identified by microarray analysis (4B) and confirmed by FISH analysis (4C), which demonstrated that the additional copy of 18q material was located at the distal short arm of the inv dup chromosome 8; red probe is 18qter and green probe is 18pter.
Comparison of CMA with standard chromosome and FISH analysis
Array CGH will not detect balanced translocations or inversions, which will remain best detected by karyotype or other methods. In the case of unbalanced translocations, karyotype and/or telomere FISH are required to distinguish a normal parent from a balanced translocation parent. The CMA array is designed to offer an alternative to the use of telomere FISH and selected disease-specific FISH. This array was designed to provide substantial redundancy both by including multiple clones for each clinically relevant region and by duplicate analysis with dye-reversal. Significant advantages of this CMA format are (1) the ability to diagnose atypical phenotypes in cases of well-characterized disorders, (2) the ability to detect duplications that ordinarily require interphase FISH which is rarely used, (3) the ability to diagnose nonspecific phenotypes where it is difficult for the clinician to recognize the need for a specific FISH test, (4) the potential to test postmortem samples and tissues from macerated stillbirths, and (5) the ability to detect the diagnosis independent of the dysmorphology skills of the clinician and independent of the quality of metaphase or prometaphase preparations.
CMA may represent an attractive alternative to repeating a karyotypic analysis. Geneticists frequently repeat chromosome analysis after a previous prenatal or postnatal analysis in order to obtain better prometaphase preparations, and it is moderately common to detect previously unrecognized abnormalities, although this is not well documented in published literature to our knowledge. Most of these abnormalities would be detected by the microarray described in this study. For example, many of the cases of 1p36 deletion diagnosed in our cytogenetic laboratory had previous chromosome studies reported to be normal. Thus, CMA may be an attractive alternative to repeating a conventional karyotype. CMA can provide the data that would ordinarily be provided by telomere FISH and by dozens of specific FISH tests. In addition, CMA has the ability to define the extent of an imbalance, because multiple clones per telomere and per disease region are utilized (e.g., distinguishing class I and class II deletions in the Prader-Willi/Angelman region). 34 The major disadvantages of the test at present are not medical but rather administrative and pragmatic and include cost, problems of insurance reimbursement, and limited availability.
CMA identified imbalances that were undetected by karyotype and routine FISH methods. One such example is case K3 in which a deletion of the 8p subtelomeric region spanning Ͼ 7 Mb was apparently stabilized through the acquisition of the Ϸ0.5 Mb subtelomeric region of 18q. This cryptic rearrangement probably involved a telomere capture mechanism by nonhomologous recombination mediated by repetitive elements. [35] [36] [37] Another finding undetected by conventional studies but identified by CMA was a deletion of a single clone in the subtelomeric region of one chromosome 22 in case K2. A terminal deletion of 22q of 130 kb in size has been associated with severe speech delay and autistic features, 38,39 but its significance is not clear in this case. In case F8, a 2 Mb deletion of multiple clones spanning from the adrenal hypoplasia congenital (AHC) region to the glycerol kinase (GK) region was detected by CMA, although the initial indication for the FISH study was to rule out a deletion for only the AHC region. Thus, this patient has a contiguous gene deletion syndrome. 24 Although CMA identified these previously undetected abnormalities, the clinical significance remains to be determined.
Statistical analysis of array data
The field of genomic microarray analysis using CGH is new relative to that of gene expression array analysis. Fortunately, the same normalization and data processing schemes that have proven successful for expression arrays also perform well for chromosomal CGH arrays. A challenge with any array study is the problem of multiple comparisons. In our studies, we utilized an extremely simple inference method, yet despite its simplicity, the method proved to be both powerful and specific in detecting chromosomal changes. Because the CMA array has many clones representing each genomic locus, the evidence for overlapping or adjacent clones can be considered jointly to determine the inference for each region. We found 100% concordance among same-locus clones in every case. Furthermore, in instances where our array inference was determined to be a false-positive result (a rate of 0.0095), it mostly occurred as a single inconsistent clone and tended to cluster in various subtelomeric regions. In general, the use of redundant, overlapping clones on the CMA array allows the analyst to identify clones with discordant data values that are likely to represent technical variability rather than true gains or losses.
Genomic polymorphisms
There is substantial and growing evidence of large segmental polymorphisms in the human genome, 18,40 -44 and there is particular evidence of polymorphisms in telomeric regions 45 based in part on clinical experience with telomere FISH. 6 Because the samples used in this study were not obtained under conditions where parental samples were always available, the data reported here are not optimal for distinguishing benign from disease-causing variants. Despite this limitation, there was suggestive evidence of benign variants in the samples. This included multiple clones as enumerated in Results where the microarray detected a dosage change that was not confirmed by FISH. Some or all of these may represent benign variation in copy number for a portion of the genomic clone.
In summary, array CGH is proving to be an exceedingly accurate method to detect copy number changes in the genome. The collection of 25 patients in our study represented more than 20 distinct genomic disorders, and the array was able to detect the known anomaly in all cases. Confidence in our results is heightened because this array contains multiple genomic clones to assess each region and includes duplicate analysis with dye reversal resulting in excellent concordance between CMA and traditional methods.
